DNA walkers are designed with the structural specificity and functional diversity of oligonucleotides to actively convert chemical energy into mechanical translocation. Compared to natural protein motors, DNA walkers' small translocation distance (mostly <100 nm) and slow reaction rate (<0.1 nm s −1 ) make single-molecule characterization of their kinetics elusive. An important indication of single-walker kinetics is the rate-limiting reactions that a particular walker design bears. We introduce an integrated super-resolved fluorescence microscopy approach that is capable of long-term imaging to investigate the stochastic behavior of DNA walkers. Subdiffraction tracking and imaging in the visible and second near-infrared spectra resolve walker structure and reaction rates. The distributions of walker kinetics are analyzed using a stochastic model to reveal reaction randomness and the rate-limiting biochemical reaction steps.
INTRODUCTION
Synthetic nanomotors and walkers are intricately designed engineering systems that draw chemical energy from the environment and convert it into mechanical motion. Their ability to actively locomote themselves in an ever-fluctuating environment makes them a promising system in a wide range of applications (1) (2) (3) . A particular type of nanowalker system uses oligonucleotides to complete the mechanochemical conversion. Biochemical reactions of DNA molecules, such as hybridization, strand displacement, and catalytic cleavage, create free-energy changes that can be turned into motion (4) . The specificity of DNA complementary base pairing can also lead to extraordinary programmability in these systems (5, 6) . In the past decade, investigators have proposed DNA walkers with various walking mechanisms, which typically translocate <100 nm at a speed of 0.01 to 0.1 nm s −1 (1, 4) . Nanometric characterization of the small structures and slow kinetics of DNA walkers has been a challenging task. Most DNA walkers are studied using ensemble measurements, such as gel electrophoresis (7) or Förster resonance energy transfer (FRET) (8) . Ensemble techniques provide a good measure of averaged walker kinetics but are not capable of resolving individual walker characteristics. More advanced single-molecule (SM) techniques, such as fast-scan atomic force microscopy (AFM) (9) , SM-FRET (10), and single-particle tracking (SPT) (11, 12) , were recently demonstrated in DNA walker studies. SM-FRET can measure the kinetics and yields of a few walker steps, whereas fast-scan AFM and SPT monitor walker position continuously to probe the kinetic characteristics during processive walking. However, limited experimental precision and a lack of compatible analysis methods have restricted the potential of AFM and SPT beyond averaged kinetics.
We previously reported a DNA walker system that integrates the biochemical functionality of DNA with the optical properties of nanomaterials (12) . The DNA walker uses chemical energies extracted from enzymatic cleavage of RNA fuel strands and walks processively along an RNA-decorated single-walled carbon nanotube (SWCNT) track. Analysis of the walker trajectory, using a semiconductor quantum dot (QD) attached to the walker as a cargo and fluorescent marker, provided data on its average reaction rate (13) . However, stochastic chemical kinetics from single-walker behaviors have not yet been obtained. These insights will lead to a better understanding of DNA walking mechanisms and pave the road for high-performance walker designs, but it requires characterization methods with far superior spatial and temporal resolution. In recent years, several super-resolution techniques have resolved microscopic structures well below the diffraction limit. We envision that subdiffraction imaging will provide valuable insights into DNA walker systems with unprecedented details.
Here, we present such a platform capable of simultaneous visible (VIS) and second near-infrared (NIR-II) subdiffraction imaging of DNA walkers. We use the super-resolution NIR-II image of an RNAdecorated SWCNT as a one-dimensional (1D) track on which the translocation of a QD-decorated DNAzyme walker is imaged. Using these methods, we have obtained distributions of displacement and velocity and analyzed walking randomness. With the aid of a stochastic walking model, we have identified three rate-limiting intermediate reactions in a walker stepping event. These findings will facilitate the design of highly efficient molecular motors and also benefit other biomolecular reaction studies.
RESULTS AND DISCUSSION

DNA walker system
The walker system consists of a DNAzyme-decorated CdTe/CdS QD conjugated to an SWCNT track noncovalently functionalized with RNA fuel strands (Fig. 1, A and B) (12) . The DNAzyme strand has two recognition arms (red) and an enzymatic core (green) that cleaves the RNA fuel strand at a prearranged location (pink). Its upper recognition arm is incorporated into the QD shell through the phosphorothioation of the DNA backbone for five consecutive nucleotides (nt). The heterostructured core/shell QD is obtained by epitaxial coating of CdS on the CdTe core until the desired size (d =~3 nm) and emission wavelength (l =~680 nm) are achieved ( fig. S1 ). The valence of a walker strand on QD can be controlled by varying the DNA sequence and concentration during synthesis and is maintained at 1 for monofunctionalization in this work. The NIR-II-emitting (l =~1050 nm) SWCNT provides a rigid track for the walker system. Length-fractionated SWCNTs with an average length of~500 nm and a diameter of~0.8 nm are used for self-assembly of RNA fuel strands (14, 15) . The molar ratio of RNA strands on an SWCNT is determined by optical absorption (12, 13), which yields an interfuel spacing of approximately 5 nm on a 500-nm-long SWCNT track ( fig. S1 ). The detailed sequence information about both walker and fuel strands is shown in table S1.
The enzymatic reaction-based DNA walker system operates by cycling through free-energy cascades (Fig. 1C) (4) . When a DNAzyme walker strand (E) is hybridized with a fuel strand (S1), it cleaves the RNA substrate in the presence of a divalent cation [state (i)→state (ii)], lowering the overall system free energy. The 7-nt fragment P1 then dissociates from the DNAzyme/RNA complex (EP1P2) because of thermal fluctuations [state (iii)], followed by hybridization of the upper recognition arm with the next available fuel strand S2 [state (iv)]. The lower arm then gradually migrates from P2 to S2 through strand displacement [state (iv)→state (v)] until the entire walker strand irreversibly associates with S2 [state (vi)]. This completes a single-turnover reaction (that is, one step forward). The walker repeats this process, resulting in a 1D walking along the nanotube track. It should be noted that several reaction steps are schemed as irreversible because their forward reaction rates are much faster than those of the reverse reactions (4, 16) . This dynamic system that directs the walker away from random diffusion by applying a biased free-energy profile is consistent with the Brownian ratchet model (17, 18) . Here, we use two walker strand configurations, 10-23 and DZ7 enzyme cores (19, 20) , with fixed 7-nt upper arm and 16-nt lower arm lengths.
VIS/NIR-II subdiffraction imaging
Nanometric optical characterization of slow-moving DNA walkers requires high-resolution imaging of both walker and track over a long period of time. We exploit the stable fluorescence from the core/shell QD and the (7,5) nanotube track to achieve high photon counts (~1000 per QD per image) with minimal photobleaching over the 1-hour experiment ( fig. S2 ). The VIS/NIR-II emissions are imaged with a custom-built epifluorescence microscope ( Fig. 2A ). An electron-multiplying charge-coupled device and 2D InGaAs photodiodes are used to acquire the images from both VIS and NIR channels simultaneously. A flow-channel array is assembled using a quartz slide and a surface-passivated coverslip ( fig. S3) (21) .
The image processing schemes for both VIS and NIR channels are shown in Fig. 2B . QD images from the VIS channel are localized by fitting a 2D Gaussian function to their point spread function (PSF) [ Fig. 2B, (i) ]. The walker position is extracted from the centroid of the fitting. The localized QD image is then combined with the 10 successive localizations to form a single subdiffraction estimation of the QD's position [ Fig. 2B, (ii) ]. The localization precision on the particle position is experimentally determined to be~20 nm ( fig. S4 ), consistent with theoretical calculations (22, 23) .
The nanotube image is a concatenation of all exciton recombination centers along the tube axis. Temporal separation of these emission centers can be achieved through emission intermittency at low pH (~4) for surfactant-solubilized SWCNTs (24) . Compared to surfactant-functionalized nanotubes, the RNA-SWCNT complexes are more susceptible to their dielectric environment as a result of the lower degree of surface coverage (25, 26) . We observe intensity fluctuation at pH 6 in phosphate-buffered saline (PBS) [ coordinates to construct the final overlaid image shown in Fig. 2B (ix) . The nanotube track images serve as markers upon which the displacements of QD cargos are visualized.
We examined DZ7 DNAzyme walking in PBS containing 20 mM dithiothreitol (DTT) and 10 mM Mg 2+ using the optical platform. Figure 3 shows representative results of the walker traveling over 200 nm along the SWCNT track in~10 min. The diffraction-limited raw images are shown in Fig. 3A , with red indicating the nanotube image and green representing the QD image. The displacement of the walker is shown as a 2-pixel (~127 nm per pixel) shift in the raw image. The corresponding subdiffraction images of the walker and track are shown in Fig. 3B , which clearly shows the translocation of the walker. The trajectory of the walker is plotted in Fig. 3C to demonstrate the walking distance (see movie S1 and fig. S5 ).
Characteristics of walker kinetics
We collected multiple 10-23 DNAzyme trajectories under the same experimental conditions. Position information from the trajectories is extracted to produce the displacement plot shown in Fig. 4A . Representative walker displacement results (blue scatter) and displacement from a control experiment (that is, 0 mM Mg 2+ ; black scatter) are shown. The positions from 10 successive frames are averaged to produce the smoothed curves (blue and black lines). The deviation from the actual data to the smoothed curve is computed for each frame to yield an average uncertainty of~29 nm. Displacement curves from all data sets are shown in fig. S6 .
Walker velocity is obtained by fitting the displacement d(t) to a linear function d(t) = 〈v〉 t in a rolling time window of every 500 s. The velocity histogram is plotted in Fig. 4B and fitted to a Gaussian curve, with a mean velocity of 7.8 ± 0.37 nm min −1
. It should be noted that, besides processive translocations, we also observed a few cases where the walker stalled or backstepped during imaging ( fig. S6B ). Similar phenomena were reported previously in optical imaging of a DNA spider (11) . Multiple factors during walker assembly and operation could interfere with the walking process, such as the stoichiometry of DNA-QD and the assembly quality of the track. We have previously demonstrated that the number of DNA walker strands per QD has a minimal impact on the walker kinetics, indicating that only one DNAzyme strand is involved in the walking process (12) . Thus, we attribute the most likely cause for the observed stalling and backstepping to possible assembly defects on the track surface. These cases are excluded in our analysis of walker kinetics.
The directed locomotion of the walker system is confirmed by a mean squared displacement (MSD) analysis. The walker strand 
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forms a more stable duplex with an intact fuel strand compared to the cleaved fuel, which drives the system away from random diffusive motion to a directed translocation along the track. This Brownian ratchet-type motion can be described by a 1D biased random walk model with higher stepping probability toward the forward direction. The characteristics of this walking mechanism are reflected in the exponent of the power-law form of MSD (27, 28) , 〈d(t) 2 〉 = At a . Different modes of motion can be categorized by the MSD scaling exponent a. For confined motion such as proteins crossing the cell membrane (29), 0 < a < 1 (subdiffusive); for random diffusion such as Brownian motion, a = 1; for active processes such as transport by intracellular motor proteins (30), 1 < a < 2 (superdiffusive). Figure  4C shows the time-averaged MSD (black lines) and ensembleaveraged MSD (black scatter) constructed from the displacement plot. A power function (red line) is fitted to the experimental data, which gives a = 1.7. A linear fitting of the first 10 scatter points (blue line) is also included to better visualize the clear curl-up shape of the walker MSD.
Fluctuation analysis
A walker system converts biochemical reactions into processive translocation, accumulating the effect of individual single-turnover events to produce a net displacement. In our DNA walker system, displacement and velocity provide a good measure of its processivity and kinetics (13) . For example, the average single-turnover rate can be determined to be~0.026 s −1 from the walker velocity (Fig. 4B ). The kinetic rates associated with intermediate reactions designed in Fig. 1C may also be determined with a biophysical model (13) . However, these model-based calculations require the walker to operate strictly as designed, whereas in the actual experiments, only the rate-limiting intermediate reactions dominate the walker behavior. Thus, identifying the number of rate-limiting biochemical reactions provides essential information about the walking mechanism and kinetics but requires insights into the stochastic behavior of a single walker.
A single-molecule enzymatic reaction is characterized by the singleturnover waiting time t and its statistical distribution P(t). The knowledge of this distribution helps determine kinetic intermediates in a single-turnover reaction (31) or uncover the dynamic disorder of an enzyme's catalytic rate (32) . For DNA walkers, P(t) affects the regularity of walker stepping and, thus, is reflected in the spread of displacements from multiple walking trajectories.
We analyzed the fluctuations of walker displacement to understand the stochastic behavior of the DNA walker. Instead of using P(t) directly, the moments of P(N, t) may be used to study the fluctuation of a processive enzyme (33, 34) . Here, P(N, t) denotes the probability of N single-turnover events that happened in time t. For processive DNAzyme walkers, the effect of single-turnover reactions accumulates to overall displacements
where l is the step length and s is the noise term due to experimental uncertainty. At the single-molecule level, the random variable N and its statistical distribution P(N, t) determine all the characteristics of the walker behavior. When there is only one rate-limiting reaction in a single-turnover event, the walker steps after an exponentially distributed dwell time [variance (Var[t] = 1/k
2 )] and P(N, t) follow the Poisson distribution. When n rate-limiting reactions with a similar reaction rate k are present in a single turnover, the walker behaves in a less random fashion (Var[t] = 1/nk 2 ). The second moment of P(N, t) reveals this stochastic walker behavior through experimentally obtained displacement variance
where t 0 is the average single-turnover time (see Materials and Methods). Equation 2 indicates that the displacement variance increases linearly with time. Its slope contains information about the number of rate-limiting reactions, whereas the intercept reflects the experimental uncertainty. Nondimensionalizing Eq. 2 gives the randomness parameter r, which is a measure of the kinetic fluctuation of the walker (33)
The randomness parameter provides a lower-bound estimation on the number of rate-limiting steps n (34). The validity of this analysis method is examined by numerical simulations and controlled stage translation experiments (see the Supplementary Materials). For numerically simulated walking, a biased 1D random walk model is used with a 5-nm step length. The waiting time distribution is generated by gamma distributions with different combinations of shape (that is, number of intermediate reaction steps n) and scale (that is, reaction rate k) parameters (31) . The mean waiting time for all cases is kept the same, so that velocity is consistent with walker experiments. Simulated displacement variance as a function of time is presented in Fig. 4D  (colored thin curves) and fig. S7 . For controlled stage translation experiments, the walking data generated by numerical simulations are passed to a piezo stage as translocation distance and waiting time for experimentally determining randomness. QDs tethered onto a coverslip are then imaged with the same method as walker experiments to track the stage translocation. The recovered r values from both simulations and experiments are presented in Table 1 . It is evident that the analysis of the displacement variance can readily recover the designed value of r with a high precision.
We applied the fluctuation analysis to our DNA walker system to study the rate-limiting intermediate reactions during its operation. The scatter point in Fig. 4D shows experimentally obtained displacement variance, whereas the colored curves present simulated results with a different number of rate-limiting steps. A linear fitting (blue line) of the experimental data yields randomness parameter r = 0.34 and n ≈ 3 (Table 1 ). This result indicates that three of the five reaction steps shown in Fig. 1C are rate-limiting. Experimentally, enzymatic cleavage (k 1 ), upper recognition arm dissociation (k 2 ), and lower arm migration (k 4 ) have slower reaction rates (~0.02 s
) than the hybridization of the upper arm with the next fuel strand (12, 13) . Thus, these three reaction steps dominate the kinetic behavior of the walker system. Tuning experimental parameters related to these reactions can significantly affect the overall system kinetics, as previously demonstrated (13) . Furthermore, adapting more efficient reaction schemes to replace these intermediate steps could greatly enhance the walker performance. For example, nicking endonuclease or ribonuclease could significantly speed up the cleavage reaction (35) . Using DNA origami as track could also allow one to further fine-tune system kinetic rates and randomness through a different transport mechanism (36) .
CONCLUSIONS
The ability to identify and understand rate-limiting reactions from stochastic single-molecule kinetics will not only help formulate efficient walker mechanisms but also benefit other biomolecular reaction studies in general. In parallel, the subdiffraction imaging in the biologically transparent NIR-II window may be adapted for deeptissue imaging and in vivo optical sensing to access more detailed structural and dynamic information about biological systems.
MATERIALS AND METHODS
Materials
All DNA and RNA sequences were custom-synthesized by Integrated DNA Technologies. The sequence information is listed in table S1. PBS containing 137 mM NaCl, 2.7 mM KCl, 1.8 mM KH 2 PO 4 , 10 mM Na 2 HPO 4 , and sodium-tris-EDTA buffer (pH 8.0; 20 mM tris-HCl, 
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0.5 mM EDTA, 100 mM NaCl) was prepared in deionized water (18 megohm). All reagents were purchased from Sigma-Aldrich unless noted otherwise.
Sample preparation
The RNA-coated SWCNT track and QD-decorated DNAzyme walkers were synthesized separately before performing the walking experiments. Aqueous synthesis of QD nanocrystals was previously reported by multiple groups (37) (38) (39) (40) . We modified the previously reported synthesis routes to generate DNAzyme-functionalized CdTe/CdS nanocrystal QDs. Briefly, the CdTe core with a diameter of~2 nm was first synthesized using NaHTe and Cd(NO 3 ) 2 as precursors and mercaptopropionic acid (MPA) as capping ligand. The commercially available carboxylated CdTe core (COOH-functionalized QD; Sigma-Aldrich) can also be used for core/shell structure QD synthesis. CdS shell was grown epitaxially over the CdTe core by heating a mixture of core solution, Cd(NO 3 ) 2 -MPA, and phosphorothioated DNAzyme strands at pH 12.2 for 100 min. The DNAzyme-to-CdTe core ratio was kept at 10:1 during synthesis, so that, on average, only one DNA strand was present on the QD shell layer after purification (see the Supplementary Materials). CdTe/CdS QDs with a diameter of 3 nm and an emission peak at~680 nm formed after heating (figs. S1A and S2). The synthesized DNA-QDs were purified using a 30,000 molecular weight cutoff (MWCO) column filtration (Amicon) for four times. The RNA-functionalized SWCNT track was prepared by sonication with surfactants followed by dialysis with RNA for surfactant change (12, 41) . CoMoCAT SWCNT powder (Sigma-Aldrich) was first solubilized in 2 weight % sodium cholate (SC) and ultrasonicated at 20 W for 1 hour to obtain SC-SWCNT solution. The SC-SWCNT sample was then ultracentrifuged and thoroughly mixed with RNA fuel strands and biotin anchor strands. The RNA/SC-SWCNT mixture was then transferred to a 3000 MWCO cassette (Thermo Fisher Scientific) and dialyzed against sodium-tris-EDTA buffer for 24 hours. A second-stage 24-hour dialysis using a 100,000 MWCO membrane was carried out to remove the free, unbounded RNA strands. The RNA-SWCNT sample removed from the dialysis membrane was then centrifuged at 15,000 rpm to remove any aggregations. The length of the nanotube track was sorted to~500 nm by adding polyethylene glycol molecules into the RNA-SWCNT sample to trigger reversible RNA-SWCNT aggregation through molecular crowding (14) .
Experimental procedure
Coverslips and slides were thoroughly washed and passivated with dichlorodimethylsilane before performing the walking experiments (see the Supplementary Materials). In each experiment, 100 ml of biotinylated BSA solution (~0.5 mg/ml) was first introduced into the flow channel and incubated for 10 min. After BSA incubation, 100 ml of 0.2% (v/v) Tween 20 solution was introduced into the flow channel and incubated for another 10 min. We then washed out the Tween 20 solution from the channel with 100 ml of PBS buffer (pH 7.5). After washing, 100 ml of streptavidin solution (10 mg/ml) was introduced into the flow channel and incubated for 5 min. The quality of surface passivation was examined before each experiment ( fig. S3) .
RNA-SWCNT stock solution was diluted 10 times in PBS buffer and introduced into the flow channel. After 20 min of incubation, 200 ml of PBS buffer was introduced to wash away unbounded RNASWCNTs and other impurities (for example, polyethylene glycol molecules). The DNA-QD stock solution was diluted 10,000 times in PBS buffer containing 20 mM DTT. The diluted DNA-QD solution was allowed to flow continuously into the channel and imaged until sufficient conjugation spots were present. The channel was then washed with PBS buffer containing the desired concentration of metal cation and 20 mM DTT to remove unbound QDs. Both NIR and VIS images were acquired simultaneously with an integration time of 1 s. A typical experiment lasted about 1 hour, with a 20-s image acquisition interval. After each walking experiment, the PBS buffer (pH 7.5) in the channel was exchanged with a lower-pH PBS buffer (pH 6.0). The images were recorded at an integration time of 1 s for 5000 images.
Image processing
All experiment images were processed in ImageJ using custom-written scripts. Algorithms for drift correction and Gaussian fitting were adapted and modified from GDSC Single Molecule Light Microscopy (SMLM) plug-in (https://github.com/aherbert/GDSC-SMLM). Sample drift caused by mechanical relaxation of the stage was significant in DNA walking experiments as a result of the long experimental time. We used the NIR image of the nanotubes as a fiduciary marker to correct the drift in the VIS image. The (x,y) positions of RNASWCNTs were first approximated by finding their maxima in each frame. The subdiffraction positions of SWCNTs from 10 consecutive images were then grouped to form an image set. The drift between each image set and the average positions of all captured images were calculated using correlation analysis over the entire image. The process was repeated until convergence was achieved, and the drift from each iteration was combined to generate the final correction curve. The correction values were then applied to translate the VIS image.
The (x,y) position of the QDs was obtained by fitting their PSF to a Gaussian function. The precision s of the fitting can be theoretically calculated by (22, 23)
where s is the standard distribution of the Gaussian distribution, a is the pixel size of the iXon3 camera, b is the background noise level, and N is the number of photons collected. Under our experimental conditions, a = 254 nm, s = 115 nm, b =~65, and N =~1000, which yields a localization precision s =~20 nm ( fig. S4A ). To achieve this theoretical value from the drift-corrected image, we performed additional corrections by subtracting the displacement of stationary QDs from that of the walker-decorated QDs. The driftcorrected image was segmented into multiple areas, each containing only one QD. All the subimage areas were categorized into two groups: conjugated and nonconjugated with RNA-SWCNTs. The average position difference between frames of the nonconjugated QDs was subtracted from the position changes of the conjugated QDs. This resulted in an experimental localization precision of <30 nm, as shown in fig. S4B . The final positions of the QDs were subsequently used for the kinetic analysis.
For the super-resolution of RNA-SWCNTs, the NIR image pixel intensity fluctuation was obtained by subtracting the value from the same pixel in the successive frame. All pixel values in difference images were converted into positive integers for Gaussian fitting. According to Eq. 4, the localization precision in the NIR range is approximately 80 nm, which is about 1 / 13 of the (7,5) tube emission at~1050 nm.
Walker data analysis
The coordinates of the first 10 localizations of the QD images were averaged as the origin position (x 0 ,y 0 ) of the walker. On the basis of the average velocity, the distance traveled by the walker in this period was about 20 nm, which was within the 30-nm localization precision of our optical platform. The translocation distance d(t) of the walker was calculated by computing the distance of each localization from the origin
A rolling smoothing with a window size of 10 data points was applied to the displacement data, so that noise could be averaged out. The displacement of all the experimental cases is plotted in fig.  S6 . Walker velocity 〈v〉 = 〈d(t)〉/t was obtained by linear fitting the displacement data in every 500 s. The histogram of the velocity was approximated by a normal distribution to yield a mean velocity. The MSD was calculated by time-averaging each walker trajectory and ensemble-averaging across all trajectories
where dt is the lag time and T is the last time point available for time average. Time-averaged MSD from different cases was ensembleaveraged to obtain the final experimental MSD value (black squares in Fig. 4C ). The MSD was fitted with a power-law time dependence MSD = At a . The scaling exponent a = 1.7 was obtained from leastsquares fitting.
The randomness parameter r was computed using Eq. 3, which was obtained by expanding the variance terms in Eq. 2. According to Eq. 1, the variance term in Eq. 3 can be expanded as
where t 0 = n/k i is the average single-turnover time, k i is the reaction rate of an intermediate step, and l = 5 nm is the spacing between two neighboring fuel strands. The term 〈N 2 〉 is the second moment of the distribution P(N, t). When multiple intermediate steps are present in single-turnover reactions, the distribution P(N, t) becomes complicated. However, the moments of P(N, t) can be derived without knowing its exact distribution (33)
Substituting Eq. 9 into Eq. 7 yields the expression in Eq. 2, which then leads to the calculation of randomness parameter r in Eq. 3. The slope of the variance versus time plot was used for the term d(〈d(t) 
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